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Abstract 
Additive Manufacturing (AM) is starting to replace conventional manufacturing processes where complex parts with small lead-
time and lot sizes are needed. As conventional test methods are not suitable for AM parts, new standard specimens and test 
procedures have to be defined. This work undertakes some efforts to progress the design of specimens for mechanical tests. A 
methodology for tensile tests of AM specimens made from one layer is proposed and verified on an example. It identifies 
challenges during the design and manufacturing of Fused Layer Modeling single layer specimens. 
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1. Introduction 
Additive Manufacturing (AM) -formerly called Rapid Manufacturing/Prototyping- is becoming a group of 
increasingly important non-conventional manufacturing processes [1]. The production of parts directly from a CAD-
file drastically reduces the lead time and cost [2]. It also allows developing complex parts with high stiffness-to-
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weight-ratio as new design possibilities open up [2,3]. Additive Manufacturing is also gaining importance for the 
production of parts carrying loads for industrial applications [3]. It is even starting to replace conventional 
manufacturing processes for complex parts with small lead-time and lot sizes, especially if otherwise specialized 
tools would be needed [2,4]. In order to establish AM as a group of controlled and competitive processes for the 
production of loaded parts, it is necessary to establish a complete methodology for the extraction of relevant 
mechanical properties from simple mechanical tests like the tensile test. Technical standards, specimens and test 
procedures do not exist for Additive Manufacturing yet [4]. There are, however, a number of papers that evaluated 
additively manufactured parts in tensile tests. Some of them concluded that the conventional specimens are not 
suitable for AM [5]. The manufacturing process of monolayer dogbone specimens poses some challenges and the 
variation of diameter may cause failure away from the specimens´ center region. Therefore, new methodologies, 
specimens and test procedures have to be developed. A well-established testing methodology can ultimately lead to 
different improvements in the understanding of AM and the processes themselves. It seems best to start at the 
simplest elements: specimens made from only one layer of material. They will be named monolayers from now.  
Until now, no efforts have been undertaken to systematically manufacture monolayers additively and their 
usefulness for mechanical tests is so far unknown. Moreover, it is necessary to establish a methodology for 
characterizing AM monolayers as they cannot be manufactured without imperfections. The micro- and 
macrogeometry as well as the mechanical properties have to be analyzed using metrology and visual inspection.  
This work will try to advance the design efforts of AM specimens for mechanical tests, starting with single 
layers. A possible methodology for the design, manufacturing, characterization, mechanical testing and analysis of 
additively manufactured monolayers is proposed. Within the broader context, a part of the methodology will be 
applied to an example: The design and testing of rectangular monolayers made with Fused Layer Modeling, a 
thermoplastic extrusion process available for office environments. The process is often referred to as Fused 
Deposition Modeling, a name which is under trademark by Stratasys Ltd. for the same process. This example will 
serve as a first reference within the more general context. For this type of specimen, standards for tensile testing of 
extrusion plastics (ISO 527-2 [6]) or for single layers of unidirectional fiber-reinforced plastics (ISO 527-5 [7]) can 
be used as a guideline. The former is applicable because of the similarity in material and the latter because of 
structural analogies. 
2. Methodology 
As no standardizing work has been published so far, it is important to focus on and start with basic elements: 
monolayer specimens. Their geometry has to be defined according to the mechanical test they will be used in, for 
example as flat specimens or tubes. The proposed methodology for the design and testing of monolayer specimens 
can be found in Figure 1. In the following it will be verified in an example. 
 
Fig. 1. Methodology for the monolayer design and test including optimization 
Figure 2 includes a global methodology that shows how mechanical tests of monolayers (as the simplest unit of a 
complex multilayer part) can lead to the prediction of complex parts’ relevant mechanical properties. The shadowed 
fields are at least partly within the scope of this work.  
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Fig. 2. Global vision: standardized mechanical tests lead to controlled and competitive AM processes 
The findings of Bellini and Güçeri [8] and Rodríguez et al. [9] show that the suggested methodology in Figure 1 
is feasible, as the properties of a multilayer AM specimen can be calculated from theoretical monolayers using 
adapted calculation methods normally applied in the design of fiber-reinforced composites.  
The design and testing of monolayer specimens is an iterative process. If at an intermediate stage a defect or 
critical fault occurs, the design (or other responsible phase) can be changed immediately. The unextruded filament 
was characterized and tested in the same way as the fabricated specimens in order to have a comparison base. 
3. Experimental setup 
3.1 Material 
The material used for the manufacturing of the test specimens is yellow PLA filament (see Figure 3). The 
manufacturer guarantees a nominal filament diameter of 1,75 mm ± 0,1 mm. Control measurements with a caliper 
gauge confirmed the diameter to be uniformly 1,7 mm, corresponding to a cross-section of about 2,27 mm2.  
a     b  
Fig. 3. Unextruded filament. (a) on the spool (b) mounted in the file-teeth grips 
The chemical composition data of the material is not available via the manufacturer. As the manufacturer did not 
provide the mechanical properties of the material (except a melting temperature of about 175-200 ° C), five 
qualitative tensile tests were executed with the unextruded filament (Figure 3). After the tensile test, the filaments 
were soft and pliable. They usually fractured at the edge of the grips. The modulus of elasticity was found to be 
between 1775 and 2392 MPa (measured between 8 and 13 MPa stress) and the tensile strength at 43 MPa ± 2 MPa. 
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3.2 Equipment  
The equipment used can be grouped into two categories: equipment for design and manufacturing and the one for 
the sample characterization (including mechanical testing), Figure 4. 
        
Fig. 4. Equipment used in the experiments. (1) FLM machine, glue and scraper; (2) Stereoscopic microscope; (3) Roughness tester; (4) Universal 
testing machine 
After CAD design, the constructed part was converted to .stl format. The trajectory of the printer was generated 
with KISSlicer software. In some cases the machine code was edited manually to adjust the trajectory strategy (for 
the specimen in Figure 5-1) or the entry points of the print head (see Figures 5-4 and 5-5) if the software did not 
permit this. The specimens were manufactured on a CubeX 3D Printer by 3DSystems. CubeStick, a specific glue for 
the CubeX machine, was used to guarantee that the extruded filament sticks to the machine bed. A scraper was used 
to detach the specimens after manufacturing.  
Samples were analyzed using a Nikon SM2800 Stereoscopic Optical Microscope (SOM) with integrated camera 
(magnification up to x6,3), a caliper gauge, a high-resolution camera and a roughness tester Mahr Perthometer 
PGK120 for profile recording. The roughness tester only possesses a measuring range of 0,5 mm, so specimens with 
warping or very irregular thickness could not be recorded.  
A universal testing machine Shimadzu AG-X series was used for the tensile tests, Figure 3. It has a maximum 
load cell capacity of 50 kN and a displacement resolution of 0,0208 microns. Using the Trapezium X software, the 
data transmitted at can be viewed and analyzed. The grip faces with file-teeth are installed in a manual non-shift 
grip. The use of an extensometer was abandoned as it did not measure the displacement accurately due to slipping. 
After testing, the samples were observed again by SOM techniques and conventional camera.  
3.3 Design and manufacturing method  
Manufacturing has to be planned concerning conceptual design (form, dimensions, thickness etc.) and actual 
machine trajectories. For tensile, compression, torsion, bending and cyclic loading tests it might be necessary to 
design specimen with different geometry (e.g. flat or cylinder). Experiments conducted by S.H. Ahn et al. [5] 
showed that regular dogbone specimens did not yield the desired results and they continually fractured in the area 
where the cross-section reduces. Filaments end there, leading to peaks in the local tension. Knowing this, trajectory 
generation was given special importance. The trajectory files generated in the specialized software are comparable 
with NC code and contain the process parameters. The specimens were required to have parallel filaments in the 
loaded region and geometry as simple as possible. Different trajectory generating methods were tried in production 
and the one leading to the most precise specimens was selected, Figure 5.  
All the methods lead to the filaments between the grips being parallel to each other and the pulling direction. 
Among the tested possibilities were circular routes starting in the center, circular routes starting on the outside, 
parallel routes and some that had a small rectangular hole in the center to reduce warping. These trajectory types are 
schematically depicted in Figure 5 with their typical defects. Meza and Greer [10] explain that for macrostructures 
bigger than the characteristic length of their microstructure the material properties are scale-invariant. Therefore, the 
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most important geometry data of the specimens are the ratios of width (or diameter) to length or to the filament 
dimensions, but not the absolute dimensions. Thus, rectangular monolayer specimens with different aspect ratios 
were manufactured. Circular routes starting on the outside led to the highest dimensional accuracy regarding 
contour. The thickness was most uniform with the starting point outside the part´s contour and a hollow center in the 
trajectories. This sometimes led to holes in the center of the actual part, but in most cases the design compensated 
the excessive material extrusion. The tested specimens were designed to be rectangular 120 mm x 20 mm (1:6) with 
a thickness of 0,25 mm. This aspect ratio led to the lowest warping due to heat dissipation problems. Their trajectory 
was inwards and circular with an external starting point and a hollow center. The extruder was set to produce 0,25 
mm x 0,51 mm filaments, equaling 19 loops. The temperature was set to 230 °C. The extrusion speed was 20 mm/s. 
 
Fig. 5. Different trajectory strategies and their characteristic defects. (1) Parallel routes; (2) circular route outwards; (3) circular route inwards; (4) 
external starting point; (5) hollow center 
3.4 Method for characterization and analysis 
For the characterization of the specimens before and after the tensile tests, a microscope with different 
magnifications and a camera were used, cataloging defects. Special importance was given to areas where the 
specimens (tend to) fracture. Deviations in geometry and dimensions were measured. The geometry of the 
specimens is an input parameter for the calculation of tension. Roughness tests were used to analyze the profile of 
the specimens and to calculate the samples’ cross-section. Before mechanical testing, the specimens were marked to 
enable symmetrical gripping. The gauge length was measured to be 80,1 mm. The tensile tests were executed with a 
continuous pulling velocity of 1 mm/s as recommended in ISO 527-2 for molding and extrusion plastics [7]. A 
digital camera was used to record the experiment, as the formation of cracks was visible during the process. After 
the test, the specimen was removed, the set-up inspected and the gauge length reset. The fractured specimens were 
analyzed again using microscope and camera. Special attention was given to cracks and the fracture zone.  
4. Results  
Sample length and width deviated by no more than 0,3 mm from nominal dimensions. Specimens were never 
manufactured smaller than designed. However, the thickness varied significantly from the specified value.  
Thicknesses of less than 0,7 mm at the edges could not be achieved and at their thickest point, the specimens 
often measured more than 1,3 mm as material accumulated at the top and bottom of the innermost extruder loop. A 
sample thickness profile is plotted in Figure 6. The profiles show the slight bending of the specimen as well as the 
thickness reduction in the center. While the bottom shows the extrusion diameter of 0,51 mm quite well, the top 
appears to have been flattened towards the outside.  
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(a)  
(b)  
Fig. 6. Profiles of the (a) top and (b) bottom of a test specimen in natural orientation 
A microscope image of the cross-section after fracture in Figure 7 confirms this. Also, the tear-drop shaped 
extruded filament profile is visible as well as several defects. Careful adjustment of the manufacturing parameters 
most are most likely able to make the specimens more homogenous. A lower thickness can be achieved modifying 
the flow parameters of the additive fabricator. Analyzing the cross-section of the fracture, it can be see that the 
specimens fracture where a high density of defects are present. 
a    b  
Fig. 7. SOM image of the cross-section of a specimen after fracture (a) almost without and (b) with various defects 
Different manufacturing defects can be detected in the AM samples, which can be grouped into three categories: 
microdefects, two-dimensional defects and three-dimensional defects, Figures 8-10. Most defects can be minimized 
by suitable trajectory design and fine-tuning of the process parameters.  
It was found that gas bubbles can be avoided by lowering the extruding temperature. Other out-of-plane 
distortions can be largely avoided by designing extruder trajectories to facilitate heat dissipation and by sufficient 
leveling of the bed. Especially parallel continuous trajectories seem to be difficult to adjust to sufficiently dissipate 
the process heat.  
 
a    b     c         
Fig. 8. Microdefects. (a) Enclosed gas bubbles (b) Burnt areas (c) Contamination with other materials 
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 a    b      c  
Fig. 9. 2D defects. (a) Irregular diameter and non-straight filament (b) Insufficient material binding (c) Excess material at sharp edges 
     a       b     c   
Fig. 10. 3D defects. (a) Excess material at starting point (b) Irregular thickness (c) Massive out-of-plane distortions 
Stress and modulus of elasticity were calculated using the same cross-section for all specimens. The cross-section 
was assumed to be 0.8 mm x 20.1 mm. This matched the thickness of the outer edge and the minimum width of each 
specimen. The profile measured with the roughness tester shows that the measured dimensions cannot be used to 
accurately calculate the cross-section, but it is a good approximation.  
The moment of rupture and the elongation until break varied greatly. Independent of when the fracture occurred, 
the maximum force, tensile strength and the modulus of elasticity were within relatively tight margins. The 
maximum force averaged at 698 N (690-709 N), the tensile strength at 43.4 MPa (42.9-44.1 MPa) and the modulus 
of elasticity at 2159 MPa (2086-2249 MPa). This equals maximum deviations from the average value by 1.6 % for 
the maximum force and the stress and by 4.2 % for the modulus of elasticity. The values for modulus of elasticity 
and tensile strength are within the interval of the values tested for the unextruded filament. Cracks and 
accumulations of tension could be easily observed by discolorations in the material, as shown in Figure 11. The 
image also shows deformation marks in the grip zone due to the dented grip surface.  
  a     b  
Fig. 11. (a) Beginning cracks in the center region of a specimen and (b) grip deformation 
Some discolorations due to concentration of tension can be seen in the zone between the grip (diamond-shaped 
marks) and the pulling area (no marks) running through the grip marks.  Most specimens cracked first at the edge of 
the specimen and crack propagation could be observed well. Some cracks did not propagate along the center 
longitudinal axis, causing two separate fractures in the two specimen halves. One specimen fractured first in the 
center region and the elongation at break was reduced due to the two crack fronts present.  
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5. Conclusions 
A methodology for the design and testing of monolayer AM specimens for mechanical testing was proposed in 
this work. The proposed methodology could be verified using rectangular FLM specimens made from PLA in 
tensile tests, Figure 12. Some difficulties during design and manufacturing were identified and the suitability of a 
few trajectory generation methods on defects was mentioned. Overall, a strong dependence of the specimen’s 
quality on the trajectories and correct bed leveling was observed.  
 
Fig. 12. Crack formation in tensile test after (1) 2 min (2) 3 min (3) 4 min 22 s (4) 4 min 31 s (5) 4 min 46 s (6) 4 min 58 s (7) 4 min 59 s 
First results have been obtained from the tests, showing that fracture is strongly related to the manufacturing 
defects and that it is necessary to do deeper analysis in order to establish a definitive and more "universal" standard 
sample manufacturing method.  
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